ABSTRACT
Building reliable structural models of G proteincoupled receptors (GPCRs) is a difficult task because of the paucity of suitable templates, low sequence identity, and the wide variety of ligand specificities within the superfamily. Template-based modeling is known to be the most successful method for protein structure prediction. However, refinement of homology models within 1-3 Å Ca RMSD of the native structure remains a major challenge. Here, we address this problem by developing a novel protocol (foldGPCR) for modeling the transmembrane (TM) region of GPCRs in complex with a ligand, aimed to accurately model the structural divergence between the template and target in the TM helices. The protocol is based on predicted conserved inter-residue contacts between the template and target, and exploits an all-atom implicit membrane force field. The placement of the ligand in the binding pocket is guided by biochemical data. The foldGPCR protocol is implemented by a stepwise hierarchical approach, in which the TM helical bundle and the ligand are assembled by simulated annealing trials in the first step, and the receptor-ligand complex is refined with replica exchange sampling in the second step. The protocol is applied to model the human b 2 -adrenergic receptor (b 2 AR) bound to carazolol, using contacts derived from the template structure of bovine rhodopsin. Comparison with the X-ray crystal structure of the b 2 AR shows that our protocol is particularly successful in accurately capturing helix backbone irregularities and helix-helix packing interactions that distinguish rhodopsin from b 2 AR.
insights to better understand ligand-binding specificity and the activation mechanism of GPCRs.
Protein structure prediction methods, ranging from homology modeling to de novo methods, have been applied to the modeling of GPCRs. Before the first X-ray crystal structure for a 7-TM receptor was solved, models for bacteriorhodopsin and rhodopsin were built using a low-resolution electron density map and restraints derived from sequence analysis or biophysical experiments. [20] [21] [22] Mosberg et al. built models of 26 GPCRs by distance geometry calculations based on interhelical hydrogen bonds. 23,24 After the rhodopsin structure was solved in 2000, homology modeling and fragment-based threading methods were applied to build models for GPCRs using the rhodopsin structure as the template. 25,26 Ab initio approaches have also been applied to model class A receptors. 27, 28 Within this set of techniques, template-based modeling methods are arguably the most reliable approach for predicting protein structure from amino acid sequence. 29 However, the suitability of the rhodopsin template to accurately predict the structure of other GPCRs is questionable, 30 as the average sequence identity to bovine rhodopsin of human GPCRs is relatively low at $20%, 26 and the GPCR superfamily is highly diverse in its ligand-binding properties. Reliable homology models are less confidently obtained as the sequence and structure similarity between the template and target decrease. 29, 31 Although the overall helical bundle architecture is thought to be similar for class A GPCRs, detailed structural features are expected to differ for receptors binding to different ligands.
Indeed, the crystal structures of bovine rhodopsin and human b 2 -adrenergic receptor (b 2 AR) bound to an antagonist show that the two structures are similar, with a 2.7 Å Ca RMSD in the TM region, despite a relatively low sequence identity of 23%. 12 However, the structures also show subtle differences in the position, rotational orientation, and kink angles of helices I, III, IV, V, and VI. Other class A GPCRs will likely possess such subtle differences.
Effective use of multiple templates and successful application of fragment-based modeling or model refinement methods have greatly improved the accuracy of homology models. Nonetheless, obtaining models closer to the target than the template remains a major challenge in comparative modeling methods. 29,32 Alternatively, recent progress in modeling of membrane proteins has demonstrated that an implicit membrane generalized Born (GB) force field, combined with advanced sampling techniques, performs well in the study of folding and assembly of membrane proteins, as well as in de novo structure prediction and refinement of homology models. 33-36 Implicit solvent force fields in general have also been shown to be effective in refining NMR structures with a limited number of experimental observables or near-native decoys and predicted structures sufficiently close to the native basin. [37] [38] [39] This article describes a novel modeling approach (foldGPCR) for predicting the structure of a class A GPCR 7-TM helical bundle in complex with its ligand. The protocol aims to accurately model the structural divergence between the template and target in the TM helices. Building on the idea of using secondary structure and tertiary restraints to predict 3D structures, the protocol uses distance restraints derived from a template structure to impose the overall helical bundle topology and conserved inter-residue contacts. Additional distance restraints suggested mostly from experimental data are imposed on receptor-ligand interactions to model the ligand binding geometry. These restraints guide the conformational sampling process in simulated annealing trials during the assembly of the helical bundle and the ligand. The receptor-ligand complex model is then refined in an implicit membrane GB force field with replica exchange (REX) sampling.
The intracellular and extracellular loops in GPCRs are known to have important functional roles in ligand-binding and G-protein interaction, 40 but they are challenging to model accurately and are not modeled in the current foldGPCR protocol. The crystal structures of rhodopsin and b 2 AR show that the structure of the loop regions can be vastly different, with the extracellular loop 2 (ECL2) forming a b sheet lid in rhodopsin, and a helix in b 2 AR. 8,12 The loop regions are more variable in sequence and length, 6 and also more dynamic and conformationally flexible than the TM regions, 40 making them difficult to predict by both homology modeling and de novo modeling approaches. 41,42 The recent community-wide assessment of GPCR structure modeling also showed that the loop regions are significantly more difficult than the TM regions to model accurately. 43 The foldGPCR protocol is applied to model the human b 2 AR bound to carazolol using contact restraints derived from the bovine rhodopsin template. As a control, the protocol is also applied to model the bovine rhodopsin using the same set of contact restraints. We will report on the accuracy of the models obtained for b 2 AR and rhodopsin, see Supporting Information for the results on the rhodopsin models, then discuss some of the key properties of the protocol and its strengths compared with other GPCR modeling approaches.
METHODS
FoldGPCR: A protocol for GPCR TM structure prediction
The foldGPCR method uses all-atom restrained molecular dynamics, and is implemented in a stepwise hierarchical manner, in which the helical bundle and the ligand are assembled by simulated annealing trials using tertiary restraints in the first step, and the receptor-ligand complex is refined using an implicit membrane GB force field and REX sampling in the second step (see Fig. 1 ). The protocol aims to accurately model the structural divergence between the template and target in the TM helices, by using tertiary restraints derived from the template structure, while relying on an improved physicsbased force field to yield conformations capturing structural features unique to the target. The molecular dynamics simulations are performed using the CHARMM program. 44, 45 We will first describe the two steps of the foldGPCR method, and then give details of the distance restraints used throughout the protocol.
Step 1: Assembly of the 7-TM helical bundle
Initial configuration
The seven TM helices are modeled independently as disjoint helical segments. A canonical a-helix (w 5 257, F 5 247; side chains are in extended conformations) is built for each helix, then it is oriented perpendicularly to the membrane plane (xy-plane), centered at the midplane, z 5 0, and positioned around the perimeter of a circle sequentially, with each helix axis displaced 25 Å from the center of the circle [ Fig. 2(A) ]. The N-terminus to C-terminus directionality of TM helices I, III, V, and VII are flipped relative to TM helices II, IV, and VI to reflect the membrane traversal directions of the helices in the native helical bundle. The putative seven TM segments are obtained from a previously published multiple sequence alignment of class A GPCRs. 46 The alignment was checked that the following conserved motifs are aligned across the family: N1. 50 47 Helix lengths and boundaries are assumed to be the same as rhodopsin. However, this assumption is not an essential requirement for the protocol, and can be substituted by predictions of the helical segments using methods based on sequence information or potential energy profiles. 35 The ligand is positioned so that its center of mass is approximately at the center of the circle and translated vertically to the average z-coordinate of the residues used in receptor-ligand distance restraints. The conformation of the ligand is adopted from the crystal structures (PDB ID code 1U19 for 11-cis-retinal bound to rhodopsin and 2RH1 for carazolol bound to b 2 AR). For other class A receptors with no known ligand structure, the initial ligand conformation can be built de novo before the The foldGPCR protocol is implemented by a two-step hierarchical approach, in which the 7-TM helical bundle and the ligand are assembled in the first step, and the receptor-ligand complex is refined in the second step. annealing step by an additional step such as docking or other conformational sampling techniques. LPDB CHARMM parameters are used, 48,49 and the atom types of the ligands are assigned with the MATCH toolset (Price and Brooks III, MATCH: primitive chemical pattern-matching engine provides robust atom-typing toolset for molecular mechanics force fields, manuscript in preparation). This initial 7-TM-ligand configuration is minimized with 200 steps of mixed steepest descent and adopted basis Newton-Raphson minimization using positional harmonic restraints on all heavy atoms.
Simulated annealing protocol
The TM helical bundle is assembled by simulated annealing trials in vacuum using a distance-dependent dielectric function. The nonbonded interactions are smoothly switched off from 6.5 Å to 8 Å . The conformational sampling in this step is focused on local interactions within the helix and between adjacent helices, hence short distance cutoffs are used to expedite the calculations. During each trial, the temperature is decreased exponentially from 1000 to 300 K over 780 ps [ Fig.  2(A) ]. The cooling schedule is coupled to a gradually decreasing distance scaling factor such that as the temperature decreases from 1000 to 300 K, the distances used in the restraint potentials are scaled by a factor of 2.0-1.0. Sampling time is maximized at distances where the side chains of the helices are just coming into contact but not yet tightly packed (scaling factor of $1.4), to allow structural rearrangements necessary for sampling alternative interhelical side chain packing interactions.
At the beginning of every annealing trial, each helix is rotated about its axis and the ligand about the x-axis by random angles. Each trial results in a single annealed structure. For each modeling attempt, an ensemble of 200 annealed structures is generated. The tertiary restraints are satisfied by nearly all of the annealed structures. The averaged structure is then minimized and refined in the subsequent step.
The number of annealing trials per modeling attempt was arbitrarily chosen so that the average structures from any two distinct attempts would be within 1.0 Å Ca RMSD from each other. The total length of the annealing time was optimized with respect to the RMSD distribution of the ensemble. The average structure is used as the initial structure for refinement because it tends to be closer to the native than any one structure in the ensemble [ Fig.  2(B) ]. The effect of averaging in increasing the level of similarity to a given reference structure has previously been demonstrated by Zagrovic and Pande. 50 The averaging process likely leads to a more native-like structure by cancellation of random errors sampled in the ensemble. Individual structural features usually occur with a unimodal distribution in sampled ensemble, hence the average structure represents the most populated conformation in the ensemble. Distortions resulting from the averaging process are largely corrected in the refinement step.
Step 2: All-atom refinement in implicit membrane
Refinement protocol
The use of a GB implicit membrane model combined with REX sampling has been shown to be effective in obtaining native-like conformations in assembly and refinement of TM proteins. 33-36 The REX method is known to enhance conformational sampling by simulating multiple replicas of the system at different temperatures independently and simultaneously, and exchanging pairs of replicas at neighboring temperatures at preset intervals with a specified transition probability, allowing random walks in temperature space to help replicas escape from local energy minima. 51,52 GB/REX refinement is applied in the second step of foldGPCR to refine the average structure from the simulated annealing trials. An all-hydrogen CHARMM parameter set (PARAM22) with the CMAP backbone torsional correction term is used. 53,54 The GB implicit membrane model implemented in the GB model with a simple switching function (GBSW) module of CHARMM represents the membrane environment as a low-dielectric slab. 55 The membrane thickness (T memb ) is set to 35 Å , the membrane switching length (msw) is set to 2.5 Å , the surface tension coefficient (g) is set to 0.04 kcal/(mol Å 2 ), and other parameters are set to default values. The values for T memb and msw were chosen to match the hydrophobic thickness of 31 Å estimated for rhodopsin in the OPM database. 56 The nonbonded interactions are switched off at 20 Å . The REX simulations are carried out using the MMTSB toolset (www.mmtsb.org). 57 We use 16 replicas exponentially spaced between 300 and 450 K. Exchanges between adjacent replicas are attempted once every picosecond, with a total length of 500 ps. The exchange acceptance ratio ranged between 0.15 and 0.2. The energy profile from the lowest temperature ensemble shows that it converges within 500 ps [ Fig. 3(A) ]. The last 20% of the structures (100 models) from the lowest temperature ensemble are minimized and clustered based on Ca RMSD to extract a few representative structures. Clustering was carried out with the MMTSB toolset using a Ca RMSD-based hierarchical and divisive method. 57 The average structures from all clusters as well as the average structure of all 100 models are presented as the final predictions. The refinement step generally improves the packing interaction of helices, thereby increases the fraction of native contacts by $10% and lowers the overall RMSD with respect to the native structure [ Fig. 3(B) ].
Distance restraints
Distance restraints are applied using a flat-bottom harmonic potential function with a soft asymptote imple-mented in the NOE module of CHARMM. The flat-bottom widths and the force constants for the harmonic restraints were chosen so that the restraints would be weakly imposed to allow sufficient structural flexibility during the sampling procedure. These parameters were chosen empirically, based on our previous experience with protein structure refinement in implicit solvent, 33,37 and by trial-and-error. Three sets of distances are derived and the corresponding restraints are applied with slightly different parameter values, as described below. The optimal distances were estimated from known structures.
Topology of helical bundle
A set of 40 interhelical distances parallel to the membrane plane at the top, middle, and bottom of the helical bundle (z 5 0, AE $12 Å ) is used to impose a particular topology. This set of restraints mimics the use of low-resolution cryo-EM structural data to approximate the spatial organization of the helices without defining the position of individual amino acids. 21,58 The distance measurements that define the relative positions and tilt angles of the helices are obtained either from the b 2 AR (PDB ID code 2RH1) or the rhodopsin (PDB ID code 1U19) crystal structure. 8,12 Each topological distance restraint is applied between centers of mass of sets of four adjacent Ca atoms from the two helices, to avoid biasing the rotational orientations of the helices. The flat-bottom half width is set to 2.5 Å and the force constant is set to 5 kcal/(mol Å 2 ).
Conserved inter-residue contacts
Structurally conserved inter-residue contacts are predicted by using sequence conservation as filters to select from contacts present in the template rhodopsin structure (PDB ID code 1U19). The contact prediction method is described elsewhere. 59 Briefly, a contact in rhodopsin is predicted to be structurally conserved in another GPCR if the contact-forming residues or the fragments around these residues are conserved in sequence between the two sequences and across class A GPCRs. Out of 183 interhelical contacts in the rhodopsin TM region, $40-50 are typically predicted to be conserved in another GPCR. The method predicts 45 contacts for the human b 2 AR (Supporting Information Table  I ). The restraints are applied between the side chain heavy atoms (Ca atom for Gly) with distance summation
The distance is set to 3.2 AE 2.0 Å (4.2 AE 2.0 Å for pairs containing Gly) and the force constant is set to 5 kcal/(mol Å 2 ).
Receptor-ligand interactions
Specific receptor-ligand interactions, such as hydrogen bonds are restrained to model the binding geometry of the ligand. Although the topological and contact restraints are derived directly from the template structure, the ligand restraints are mostly derived from experiments, such as mutagenesis studies that suggest particular residues are involved in ligand-binding. The restraints are applied between the side chain heavy atoms and particular functional groups in the ligand. The distance is set to 3.5 AE 0.5 Å , 3.0 AE 0.5 Å , and 5.0 AE 2.0 Å for salt bridge, hydrogen bonding, and hydrophobic interactions, respectively. The force constant is set to 50 
Additional restraints
The dihedral angles of the helices and the ligands are restrained by weak harmonic potentials to minimize severe distortions at high temperature. The backbone torsion angles of the helices are restrained near ideal values but with significant latitude for fluctuation, w 5 257 AE 30, F 5 247 AE 30 degrees. The dihedral angles of all rotatable bonds in the ligand are restrained so that the ligand conformation is maintained within $1.0 Å heavy atom RMSD from the initial structure. In the case that the receptor-bound ligand structure is not known, and the initial ligand conformation is built de novo, the force constants can be adjusted to allow sampling of other ligand conformations.
RESULTS AND DISCUSSION

Accuracy of b 2 AR models
The foldGPCR protocol is applied to model the human b 2 AR structure. In this section, we report the accuracy of the b 2 AR models generated using contact restraints derived from the rhodopin template, topological restraints with distance measurements from the b 2 AR template, and ligand conformation and restraints obtained from the b 2 AR crystal structure. In a blind prediction scenario, the protocol would be run without any restraints derived from the high-resolution structure of b 2 AR, but this realistic case would incorporate a spectrum of errors inherent in the source of each set of restraints. The models described here represent the optimal case in which the protocol is run with restraint sets that are mostly correct. We report the accuracy of the models generated without any restraints from the b 2 AR template in the context of the discussion on how the three restraint sets affect model accuracy in a later section.
The predicted models are $2.0 Å Ca RMSD for the TM helices and $1.0 Å heavy atom RMSD for the ligand carazolol with respect to the b 2 AR crystal structure (PDB ID code 2RH1). We ran three independent modeling trials, and obtained representative models ranging from 2.0 to 2.9 Å Ca RMSD. The average model of the entire final ensemble of refined models tends to be more accurate and converged across repeated trials than the cluster average models; the ensemble average model is 2.1 AE 0.06 Å Ca RMSD from native in the three trials. These models show that the overall topology of the helical bundle is in good agreement with the crystal structure [ Fig. 4(A) ]. The ligand is positioned accurately in the binding pocket and the binding geometry agrees well with the crystal structure. The alkylamine and alcohol moieties of carazolol make several hydrogen bonds with the D113 3.32 and N312 7.39 side chains. N 7 of the carbazole heterocycle forms a hydrogen bond with the side chain hydroxyl of S203 5.42 . The ''hydrophobic sandwich'' around the C 8 -to-C 13 ring of the carbazole heterocycle is formed by V114 3.33 and F290 6.52 .
Helix irregularities, such as kinks, twists, bends, and bulges are modeled in near-native conformations. The average backbone RMSD from the crystal structure for each individual helix is < $2.0 Å for all seven helices. Kinks induced by Pro residues are modeled well in helices II, V, VI, and VII. The models capture the varying degree of kink angles induced by Pro residues. The lack of kink in helix I because of the absence of a Pro residue is also modeled accurately. Other backbone features, such as the bulge in helix V, are successfully modeled. The bulge in helix V is formed by a backbone hydrogen bond between the carbonyl oxygen of I205 5.44 and the amide hydrogen of V210 5.49 , preceding P211 5.50 . Helix-helix packing interactions are modeled particularly well for helices I, II, III, and V. The average side chain RMSD from the crystal structure is < $3.5 Å for helix pairs I-II, II-III, III-V, VII-I and $3.5-4.5 Å for helix pairs III-IV, V-VI, VI-VII. The close-packing of residues V54
1. 53 46 , show that the side chain packing interactions between helices I, II, and III are captured accurately. Some of the correctly modeled interactions overlap with the conserved contact restraints imposed in the protocol. However, it is notable that near-native interactions are also modeled in the absence of explicit restraints. The current protocol is able to remodel $60% of the native contacts in the final predicted models using just 45 contacts, or $10% native contacts. The majority of these native contacts are not immediately adjacent to the restrained contacts; for the b 2 AR/pred/struct models, on average 11% are from contacts used in the restraints, 16% are within AE1 residue of those restrained contacts, and 17% are within AE2 residues.
Accuracy of rhodopsin models
The performance of the foldGPCR protocol is assessed on modeling the bovine rhodopsin structure using contact restraints analogous to those predicted for b 2 AR, topological restraints with distance measurements from the rhodopsin template, and ligand conformation and restraints obtained from the rhodopsin crystal structure. Similarly to the b 2 AR models reported in the previous section, these rhodopsin models represent the optimal case in which the protocol is run with restraint sets that are highly reliable.
The predicted models are $2.5 Å Ca RMSD for the TM helices and $2.0 Å heavy atom RMSD for the ligand 11-cis-retinal with respect to the rhodopsin crystal structure. In the three repeated trials, representative cluster average models range from 2.4 to 2.9 Å Ca RMSD, and the ensemble average model is 2.5 AE 0.06 Å Ca RMSD. The overall topology of the helical bundle agrees well with the crystal structure [ Fig. 4(B , A269 6.52 ). The ligand is positioned less deeply in the binding pocket, and residues at the bottom of the pocket, for example, G121
3.36 and F261 6.44 , are not proximal to the ligand. In general, residues lining the ligand-binding pocket are positioned accurately to within 1.0-1.5 Å heavy atom RMSD with respect to the crystal structures.
Helix backbone irregularities are modeled accurately for the Pro-induced kinks in helices VI and VII, and the bulge in helix V. Helix II is modeled as a straight helix and the kink induced by the Gly-Gly motif is not modeled; the kink angle in helix I is slightly too large, perhaps caused by the inaccuracy in helix II. The average backbone RMSD from the crystal structure for each individual helix is < $2.0 Å for helices III, IV, V, VI, VII, and 2.3 Å for helices I and II.
Helix-helix packing interactions are modeled well for helices III, IV, V, VI, and VII. The average side chain RMSD from the crystal structure is < $3.5 Å for helix pairs III-IV, III-V, VI-VII and $3.5-4.5 Å for helix pairs I-II, II-III, V-VI, VII-I. The inaccuracy in helix packing interactions for helix II, especially on the extracellular side, is likely caused by the inaccuracy in the backbone structure of helix II. The ''knobs-into-holes'' packing of residues T160 -A132 3.47 shows that the interfaces between helices III, IV, and V are captured accurately.
The role of the restraints on model accuracy
The conformational search process in the assembly step of the protocol is guided by distance restraints that impose the helical bundle topology, inter-residue contacts, and receptor-ligand interactions. These restraints effectively reduce the conformational search space so that sufficiently accurate models can be generated with the current sampling protocol, and although more extensive sampling may improve the overall structure in the presence of the restraints, the nature of the underlying force field and representation of the environment will likely limit such models to Ca RMSD values of $2 Å (based on unrestrained simulations of the native GPCR structures). The three restraint sets are hierarchical in nature and operate at different scales: the topological restraints are coarsest and impose a general topology, analogous to the use of restraints based on lower resolution cryo-EM structural data, 21,58 the contact restraints are analogous to the NOE-like restraints used in NMR structure calculations and guide the packing interaction of secondary structural elements; the ligand-side chain interaction restraints are at the finest scale and determine the side chain orientation and rotamer state of ligand-binding residues. Because the three restraint sets contribute to the models at different scales, it is expected that the errors incorporated in them would have distinct effects on the accuracy of the predicted models. To better understand, the role of each restraint set to model accuracy, we ran a series of control modeling trials for b 2 AR using different combinations of restraint sets with varying levels of errors (Table I ). In applying this protocol to modeling other members of class A GPCRs, for which the reliability of the restraint sets may be unknown, it is important to assess the performance of the protocol given these errors. The resulting models are described below and organized around discussion of each restraint set.
The ligand interaction restraints guide the placement of the ligand within the binding pocket and the conformation of the side chains of the ligand-binding residues. Models generated with and without the ligand are comparable in backbone accuracy, $2.0-2.5 Å Ca RMSD from native, but the average side chain heavy atom RMSD of residues within 4 Å of the ligand increases from 2.7 Å for models with the ligand to 4.1 Å for models without the ligand. Models generated with a smaller set of ligand interaction restraints (restraint sets b 2 AR/ pred/mut), using those just inferred from mutagenesis data, are also comparable in backbone accuracy to models generated with restraint sets b 2 AR/pred/struct, but the average heavy atom RMSD of binding site residue side chains increases to 3.6 Å . Although models that agree well with experimental data may be generated, these models show that the side chain accuracy of the binding site residues is quite sensitive to the ligand restraints used in the protocol, suggesting that an erroneous set of restraints may lead to models with inaccurate ligand placement. The biochemical data used to infer ligand restraints thus needs to be carefully selected for those showing direct interactions between the receptor residues and the ligand. Experiments, such as affinity labeling and photo-crosslinking or functional complementation studies would be more informative than site-directed mutagenesis studies. 60 The topological restraints impose the topology of the overall helical bundle without restricting on the rotational orientations of the helices. Models built with topological restraints alone (restraint sets b 2 AR/-/-) are $4.0-4.5 Å Ca RMSD from native, and have <20% native contacts. Models generated without the topological restraints (restraint sets -/pred/struct) are about $3.0 Å Ca RMSD from native. In these models, the tilt angles of helices tend to be less accurate. Models generated with topological distance measurements from the rhodopsin template (restraint sets Rhod/pred/struct) are $3.0 Å Ca RMSD from native, and are worse than models generated with restraint sets b 2 AR/pred/struct. These models are $2.5 Å Ca RMSD from the rhodopsin structure, and hence, are closer to the rhodopsin template than to b 2 AR. Although the topology of the rhodopsin and the b 2 AR structures are similar, and the topological distance measurements from the two structures are mostly within $2.5 Å of one another (Supporting Information Table  III) , there is one distance between TM helices I and VII on the extracellular side that differs as much as $5 Å between the two structures because of the lack of Proinduced kink in helix I of b 2 AR. Substituting this one distance measurement for the native distance (restraint sets Rhod*/pred/struct) results in models that are $2.0 Å Ca RMSD from native, and comparable in accuracy to the b 2 AR/pred/struct models. These models show that the topological distance measurements need to be accurate within 5 Å , and any shifts in helix position of >5 Å Step 1: Assembly
Step 2: Refinement Topological restraints: b 2 AR (all distance measurements are from the b 2 AR crystal structure), Rhod (all distance measurements are from the rhodopsin crystal structure), Rhod* (same as Rhod, except the distance between TM helices I and VII on the extracellular side is from the b 2 AR structure),-(not used); Contact restraints: pred (predicted conserved contacts),-(not used), correct (true conserved contacts), all (unfiltered set of contacts from the template structure).Ligand restraints: struct (obtained from the b 2 AR crystal structure), mut (inferred from mutagenesis data),-(ligand is not modeled, ligand restraints are not used). Model accuracy is reported as the Ca RMSD (Å ) of the ensemble or cluster average structure from the crystal structure (PDB ID codes 2RH1 for b 2 AR; 1U19 for rhodopsin) AE Ca RMS fluctuation (Å ) around the average structure after each step of the protocol, with the number of models in the ensemble or cluster in brackets.
would be difficult to model accurately. Receptors, lacking a Pro residue in helix I, are likely to be better modeled using the distance measurements from the b 2 AR template than the rhodopsin template.
The contact restraints guide the helix-helix packing interactions. Models generated without contact restraints (restraint sets b 2 AR/-/struct) are $3.5 Å Ca RMSD from native. In these models, helix packing interactions are not modeled very accurately and the fraction of native contacts is $35%, significantly lower than $60% native contacts achieved in the b 2 AR/pred/struct models. The contact restraints are derived from a subset of contacts in the rhodopsin template that are predicted to be structurally conserved. Using the entire set of contacts from rhodopsin (restraint sets b 21 AR/all/struct) results in models that are overall slightly less accurate than the b 2 AR/pred/ struct models, especially in the tilt angle of helix I, because contacts with respect to the extracellular side of helix I are not structurally conserved between b 2 AR and rhodopsin. The distribution and accuracy of the predicted conserved contacts may affect how well different regions of the helical bundle are modeled. Although the accuracy of predicted contacts is expected to be high in general, 59 two of the 45 predicted contacts for b 2 AR are clear false positives and both involve residues in helix IV. Some of the contacts between helix IV and other helices in rhodopsin are not formed in b 2 AR, because helix IV in b 2 AR is shifted farther away from the binding site compared to rhodopsin. These false positive contact restraints may have led to the less accurate side chain packing interactions between helices III and IV in the b 2 AR/pred/struct models. Using the true conserved contacts (restraint sets b 2 AR/correct/struct) results in models that are slightly more accurate than the b 2 AR/pred/struct models (Table III) . The majority of the predicted conserved contacts are on the cytoplasmic side of the helical bundle owing to the higher level of sequence conservation towards this half of the helical bundle. 6 The contacts formed in this region may undergo significant rearrangements upon receptor activation, 61 hence the template structure from which the contact restraints are derived likely determines the conformational state of model.
Highlights of the foldGPCR protocol in comparison to other approaches
We find that helices I, II, III, and V in our b 2 AR models are modeled particularly well, as indicated by an average Ca RMSD of 1.4 Å . The lack of kink in helix I, and the bend angles in helices II, III, and V are captured accurately. The packing interactions for helices II, III, and V are modeled much closer to the b 2 AR structure than to the rhodopsin template, with an average Ca RMSD of 1.4 Å to b 2 AR and 1.8 Å to rhodopsin (see Fig. 5 ), and improved from the rhodopsin template, which differs by 2.1 Å Ca RMSD to the b 2 AR structure in helices II, III, and V.
In comparison with other structure prediction methods that have previously been applied to model b 2 AR, 23,26,62 our current protocol appears to more accurately model the backbone divergence between the target and the best available template (Table II) . TASSER models (C-score: 1.4, template: 1F88_A) are $1.0 Å Ca RMSD to rhodopsin, and do not recapitulate the structural features unique to b 2 AR: the bend angles in helices I, III, V, and the packing interactions for helices II, III, and V are not improved much from the rhodopsin template. Although the TASSER method is reported to often refine structures closer to native, 63 the improvement relative to the template for the b 2 AR models seems rather small. The de novo models generated by the MembStruk method and the Mosberg distance geometry approach are in general further away from both b 2 AR and rhodopsin. The MembStruk model captures the lack of kink in helix I, but the backbone of helix III is distorted and the rotational orientation and the vertical alignment of helix V are inaccurate. The Mosberg model shows some trends towards the native b 2 AR structure, in that the bend angle in helix III is native-like, but helix V is positioned too close to the center of the receptor.
The foldGPCR protocol is designed to optimize interactions within and between the helices using tertiary restraints combined with an improved physics-based force field, and an efficient hierarchical sampling strategy. To investigate the independent contributions to model accuracy of the use of conserved contact restraints in the assembly step and the GB implicit membrane model in the refinement step, we ran modeling trials with i) a homology model generated by Modeller 31 instead of the foldGPCR assembled model, and ii) refinement in vacuum instead of the GB implicit membrane model (Table  III) . The homology model refined with GB/REX results in models of $2.0 Å Ca RMSD and $60% native contacts, and are comparable in overall accuracy to the foldGPCR b 2 AR/pred/struct models, although helices II, III, and V are more accurate in the foldGPCR models. Models refined in vacuum are $3.0 Å Ca RMSD, and are clearly worse than models refined with the GB implicit membrane model. These trials demonstrate that the assembly step using the conserved contact restraints and the refinement step using the GB implicit membrane model both contribute to model accuracy.
The protocol can be used to predict divergent structural features for GPCRs of unknown structure. We applied the protocol to model the human vasopressin V1a receptor (Swiss-Prot ID: P37288), human j-type opioid receptor (Swiss-Prot ID: P41145), and human proton-sensing receptor GPR4 (Swiss-Prot ID: P46093). These receptors belong to the b-, g-, and d-groups of class A GPCRs, respectively; and they may be structurally more divergent from the templates than any receptors in the a-group. The superposition of the predicted models to their respective template structures shows that there may be numerous differences in the way the TM helices are packed in these receptors (Supporting Information Figure 1 ). For instance, helix II in the vasopressin V1a receptor model lacks a kink despite the P107 2.60 residue, and allows the extracellular segment of helix I, that is known to participate in agonist-binding, 64 to be positioned closer to the binding site. Similarly, the extracellular segment of helix II in the j-type opioid receptor model is slightly rotated and positions V118 2.63 , a residue known to participate in agonist-binding, 65 closer to the binding pocket. Helix V in the proton-sensing GPR4 receptor model does not have a bulge at the helix center, and consequently the extracellular segment of helix V is slightly rotated.
Taken together, the main advantage of the foldGPCR protocol is that it has the ability to accurately model the structural divergence between the template and target, and capture some of the structural features unique to the target. A caveat is in the case of modeling receptors that are close homologs to the template structure, for instance in modeling b 1 AR based on b 2 AR. The structures of turkey b 1 AR and human b 2 AR differ only by 0.7 Å Ca RMSD in the TM region. 18 The foldGPCR models for the human b 1 AR based on the b 2 AR structure is at best $1.7 Å Ca RMSD from the turkey b 1 AR structure, and these models would be expected to be worse than homology models based on b 2 AR. Nevertheless, for templatetarget pairs with significant structural divergence such as b 2 AR and rhodopsin, the foldGPCR protocol seems to be able to generate better models than the homology modeling approach.
Another advantage of the foldGPCR protocol is that it is very flexible in incorporating additional or different sets of distance restraints. The stepwise assembly and GB/ REX refinement approach is effective in generating models of reasonable accuracy given certain template-and Figure 5 Modeling the structural divergence between rhodopsin and b 2 AR for helices II, III, and V. The b 2 AR model (magenta) generated by the restraint sets b 2 AR/pred/struct (see Table I for annotation) is superimposed to the rhodopsin (green) and the b 2 AR (blue) crystal structures using backbone atoms of helices II, III, and V. Model accuracy is reported as the Ca RMSDs (Å ) for all seven TM helices and for TM helices II, III, V from the b 2 AR crystal structure (PDB ID code 2RH1).
The ensemble average models from the three trials are shown for the foldGPCR models. For the TASSER models, those with RMSD to native of below 6.5 Å are shown. experimentally-derived distance restraints. The protocol provides a framework to generate receptor-ligand complex models for GPCRs using any arbitrary set of sparse distance restraints that define the topology of the helical bundle, inter-residue contacts, and receptor-ligand interactions. Restraint sets derived from another template, multiple templates, or other biochemical or biophysical experiments may be incorporated or substituted given that there is a sufficient number of restraints to yield converged models. For example, one interesting application would be to generate an agonist-bound receptor model using the recent crystal structures of opsin, which show structural features of an active state, 16,17 together with distance measurements suggested from EPR experiments. 66
CONCLUSIONS
We have developed a novel modeling protocol (foldGPCR) for predicting the structure of the class A GPCR 7-TM helical bundle in complex with a ligand. The protocol aims to accurately model the structural divergence between the template and target in the TM helices, by using tertiary restraints and an all-atom implicit membrane GB force field to yield conformations capturing structural features unique to the target. It is implemented by a stepwise hierarchical approach, in which the TM helical bundle and the ligand are assembled by simulated annealing trials in the first step, and then the receptor-ligand complex is refined with REX sampling in the second step. The protocol is applied to modeling the human b 2 AR bound to carazolol using contact restraints derived from the bovine rhodopsin template, and models with $2.0 Å Ca RMSD from the b 2 AR crystal structure are obtained. Although the overall accuracy is comparable to homology models obtained with limited refinement, we find that some helical shifts can be modeled much closer to the b 2 AR structure than the rhodopsin template. As an increasing number of experimentally determined structures become available for the GPCR superfamily, template-based modeling methods with limited ability in refinement will become adequate for a larger proportion of the family. The de novo modeling protocol presented here is expected to be most useful in providing reliable models for those members of the family that require significant refinement from the best available template. Modeling the loops accurately and predicting the agonist-induced conformational changes remain a formidable challenge in GPCR structure prediction, and will require more experimental structures before reliable models can be built.
